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A novel rapid prototyping technology incorporating a curved layer building style is 
being developed. The new process, based on fused deposition modeling (FDM), will 
be developed for improving the mechanical properties of layer manufactured structures. 
A short fibre reinforced composite is used to improve the mechanical properties of the 
FDM objects. A machine was built for efficient fabrication of shell structures using 
addition of curved layers. A detailed description will be made of the material 
properties and hardware for this new process. The development of the material for 
FDM filaments and accompanying process technology for curved layer fabrication will 
also be discussed. When making curved layer objects, high performance composites 
can improve the mechanical properties of FDM articles since the layers conform to the 
part geometry. Extensive experimentation has been done to find out the effect of fiber 
content in the filament and to see the effect of fibre orientation and distribution in the 
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Chapter 1 Introduction 
 
 
Rapid prototyping is the name given to a group of related technologies that are used to 
fabricate physical objects directly from CAD data sources. These methods are unique 
in that they can produce objects by stacking materials in layers. Such systems, 
according to the unique process, also are named as additive fabrication, solid freeform 
fabrication, three dimensional printing and layer manufacturing. Five most common 
uses of rapid prototyping are: visualization, form and fit, product test, tooling and end-
use parts（rapid manufacturing, or RM） (Carter，2001). So far RP technologies are 
most used by designers and engineers to better understand and communicate the 
designs as well as to make rapid tooling to produce those products. People from other 
disciplines also use RP technologies such as surgeons, architects, artists, etc. When the 
RP material is suitable, highly complicated shapes can be produced because of the 
nature of RP and often RP is referred to as providing ‘complexity for free’. In some 
cases, the RP part can be the final part, but typically the RP part is not strong or 
accurate enough, or some other material property is not suitable for the application 
(colour, translucency, thermal transfer, etc.). Presently most of the research work is 
directed toward developing new materials or processes which target on mechanical 
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1.1 Rationale of Rapid Prototyping 
Compared to classical subtractive manufacturing methods, the principle of Rapid 
Prototyping is totally different and can be summarized as follows: 
1) The objects are formed directly from CAD files. A CAD model is constructed and 
converted to STL files. Then the STL files are processed to sliced layers by RP machin
-e systems.  
2) The first layer of the objects is built by the RP system. Then the platform is lowered 
by the thickness of one layer, and the process is repeated until the whole model 
finishes. 
3) Remove all the supports, post-treat the model. 
 
The above-mentioned unique process results in advantages in many applications 
compared to traditional machinery methods, such as milling or turning. 
1) Unlock the potential of design. Visually complex geometries can be made without 
tooling. 
In conventional manufacturing, there is a direct link between the complexity of a part 
and its cost. The need for tooling in conventional manufacturing represents one of the 
most restrictive factors for today’s product development. The high cost and need for 
tooling greatly limits product design and compromises have to be made. In Rapid 
prototyping (RP), complexity is independent of cost and RP techniques are able to 
produce virtually any geometry. The main benefit to be gained by taking an additive 
manufacturing approach (including most, but not all, of the currently available RP 
techniques) is the ability to manufacture parts of virtually any complexity of geometry 
entirely without the need for tooling. Without the need for tooling, the possibilities for 
design are literally only limited by imagination. 
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2) Material flexibility. Multiple materials, composites or functionally gradient 
materials can be used in RP systems. 
One type of composites’ aims is to reinforce material properties by mixing a dispersed 
phase homogeneously within the matrix. Another type of composite is characterized by 
having different material characteristics on separate surfaces or in separate parts. As is 
the case for any manufacturing process, the choice of materials is in part dependent on 
the specifics of the process. In RP, material flexibility does not mean any material 
could be used in any specific RP process. The natures of RP (such as layer by layer 
building process) make RP to have more potential to use multi materials or composites. 
Rapid prototyping technologies are already able to reliably process parts in polymers, 
metals and ceramics and the potential for functionally graded components adds a 
degree of freedom for a combination of materials that had not previously existed. The 
RP composite parts are generally produced using the technique of laser sintering or 
laser fusion of powders. Polymer based materials melt and flow in fused deposition 
modeling (FDM) and selective laser sintering (SLS). Metal based materials are molten 
in the powder spray processes and in direct laser sintering.  
3) Rapid prototyping systems reduce the construction of complex objects to a 
manageable, straightforward, and relatively fast process. 
The advantages of Rapid Manufacturing (RM) lie in the ability to produce highly 
complex parts that require no tooling and thus a reduction in the costs of manufacture 
will be possible. By using rapid prototyping methodologies, complex geometries with 
undercuts and channels can be fabricated in a single part that would normally require 
multiple pieces and processes to achieve a similar result. It is easy to envision the 
advantages of RP on removing manufacturing constraints on geometric shapes that can 
be built.  
  3
 
Chapter 1 Introduction 
These properties have resulted in their wide use as a way to reduce time to market in 
manufacturing. In addition, there is a multitude of experimental RP methodologies 
either in development or used by small groups of individuals, including 
Stereolithography (SLA), Selective Laser Sintering (SLS), Laminated Object 
Manufacturing (LOM), Fused Deposition Modeling (FDM), Ink Jet printing 
technologies, Ballistic Particle Manufacture (BPM), etc. Each of the technologies has 
its single strength and weakness. A few most used RP technologies are introduced 
below. 
 
1.1.1 Stereolithography (SLA) 
Stereolithography is one of the most widely used rapid prototyping technologies. 
Stereolithography builds plastic parts or objects a layer at a time by tracing a laser 
beam on the surface of a vat of liquid photopolymer. This class of materials, originally 
developed for the printing and packaging industries, quickly solidifies wherever the 
laser beam strikes the surface of the liquid. Once one layer is completely traced, it is 
lowered a small distance into the vat so that a thin amount of resin now covers the first 
layer and a second layer is traced right on top of the first. The self-adhesive property of 
the material causes the layers to bond to one another and eventually form a complete, 
three-dimensional object after many such layers are formed. The process of SLA is 
shown in Fig. 1.1. 
 
Advantages: SLA models have close tolerances and good surface finish. Transparent 
models can be built, as can models with some elasticity. 
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Disadvantages: both the machines and materials are expensive. Support structures must 
be removed form finished models. A post-curing apparatus is required and material 
properties degrade quite quickly.  
 
Figure 1.1 Stereolithography process 
 
1.1.2 Selective Laser Sintering (SLS) 
Thermoplastic powder is spread by a roller over the surface of a build cylinder (Fig. 
1.2). The piston in the cylinder moves down one object layer thickness to 
accommodate the new layer of powder. The powder delivery system is similar in 
function to the build cylinder. Here, a piston moves upward incrementally to supply a 
measured quantity of powder for each layer. A laser beam is then traced over the 
surface of this tightly compacted powder to selectively melt and bond it to form a layer 
of the object. The fabrication chamber is maintained at a temperature just below the 
melting point of the powder so that heat from the laser need only elevate the 
temperature slightly to cause sintering. This greatly speeds up the process and prevents 
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thermal distortion of the part due to large temperature variations. The process is 
repeated until the entire object is fabricated.  
 
 
Figure 1.2  Selective Laser Sintering process 
 
Advantages: Because the unfused powder provides support, there is no solid support 
material to be broken off of the finished part. This reduces material waste and prevents 
any compromise in part surface quality. Loose powder can also be used to separate out 
interlocking features, thus making it possible to create parts with separate and moving 
features. A large variety of materials, polymers, ceramics, and metals, can be used for 
building models by coating their powders with resin.    
Disadvantages: Machines and materials are expensive. Metal or ceramic parts must be 
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1.1.3 Laminated Object Manufacturing (LOM) 
Profiles of object cross sections are cut from paper or other web material using a laser 
(Fig. 1.3). Variations of this process may use a blade instead of a laser. The paper is 
unwound from a feed roll onto the stack and first bonded to the previous layer using a 
heated roller which melts a plastic coating on the bottom side of the paper. The profiles 
are then traced by an optics system that is mounted to an X-Y stage. After cutting of 
the layer is complete, excess paper is cut away to separate the layer from the web. 
Waste paper is wound on a take-up roll. The method is self-supporting for overhangs 
and undercuts. Areas of cross sections which are to be removed in the final object are 
heavily cross-hatched with the laser to facilitate removal. It can be time consuming to 
remove extra material for some geometries, however.  
 
Figure 1.3 Laminated Object Manufacturing process 
Advantages: although the basic LOM process is usually described with paper as the 
building material, various plastic, fiber glass composite, ceramics and even metals 
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have been successfully used. Ceramic and metal sheets are made from powders which 
allow a wide variety of compositions. LOM paper models can be larger than models 
produced by most other processes, and paper is probably the least expensive of all 
modeling materials. 
Disadvantages: removal of support material requires skill and patience to avoid 
damage to models. Paper models must be sealed with paint or other coating to be 
dimensionally stable, and are generally not suitable for product test or for end use parts. 
Ceramic or metal-powder models require careful furnace sintering to achieve usable 
strengths. 
 
1.1.4 Fused Deposition Modeling (FDM) 
FDM is also a widely used rapid prototyping technology (Fig. 1.4). A plastic filament 
is unwound from a coil and supplies material to an extrusion nozzle. The nozzle is 
heated to melt the plastic and has a mechanism which allows the flow of the melted 
plastic to be turned on and off. The nozzle is mounted to a mechanical stage which can 
be moved in both horizontal and vertical directions. As the nozzle is moved over the 
table according to the required slice geometry, it deposits a thin bead of extruded 
plastic to form each layer. The plastic hardens immediately after being extruded from 
the nozzle and bonds to the layer below. The entire system is contained within a 
chamber which is held at a temperature just below the melting point of the plastic. 
 
Several materials are available for the process including ABS and investment casting 
wax. ABS offers good strength, and more recently polycarbonate and 
poly(phenyl)sulfone materials have been introduced which extend the capabilities of 
the method further in terms of strength and temperature range. Support structures are 
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fabricated for overhanging geometries and are later removed by breaking them away 
from the object. A water-soluble support material which can simply be washed away is 
also available. 
Advantages: The FDM process can build models from ABS and other plastics which 
are light and strong but relatively brittle compared with equivalent injection moulded 
plastics. Colored filament is available and a single part can be produced multi-colored. 
The use of soluble supports means that interlocking features can be made in a similar 
 
Figure 1.4 Fused Deposition Modeling process 
 
way to SLS, but generally requiring larger clearances. The use of two separate nozzles, 
normally for part and support materials, means that different materials can be placed in 
a single layer. This makes it possible for a limited type of functional gradient material 
application. 
Disadvantages: Most shapes require support material which must be broken away, 
sometimes causing damage to the model. Water-soluble support material is now 
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available however, although the waste cannot be disposed of in the sewer. The process 
is limited to thermoplastic polymers. 
 
1.1.5 Ink-jet deposition processes (ZCorp 3DP, Solidscape and Objet machines) 
As the fastest growing rapid prototyping technologies, Ink-jet deposition processes can 
be presented by Zcorp 3DP (Fig. 1.5), Solidscape and Objet machines. In terms of 
materials, these processes could be separated to 2 categories: 
1) Printing of binders (Z Corp 3D printing) 
Z Corp 3D printing is similar to the SLS method except instead of using a laser to 
sinter material together a print head dispenses a solution to bind the powder together. 
The Z Corp systemconsists of the following parts: feed piston, build piston, spreading 
apparatus and print head gantry. The feed piston is used to measure and dispense 
powder that is spread across the build piston by means of a spreading apparatus. Once 
the initial layer is spread, the lowest cross section of the part is printed by spraying a 
binder solution on the powder substrate by means of an inkjet print head on the print 
head gantry. After the initial layer is printed, the feed piston raises one layer thickness 
and the build piston lowers one thickness and the spreader then spreads a layer of 
powder over the first cross section. The print heads are then used to print the next layer. 
This process continues until the part is completed. Once the part has been completed 
and the binder has been allowed to dry sufficiently, the part can be removed and excess 
powder can be blown off of the part. Like SLS, no support structures are needed 
because the excess powder on the build piston acts as a support during the build. Once 
the part is de-powdered, the part can be finished using infiltrates, varying from wax, 
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The Z Corp based 3DP technology allows parts to be built very quickly and 
inexpensively. This makes these types of models excellent for visual aids and concept 
models. The disadvantages to the technology is that the surface finish, accuracy and 
strength are poor compared to some other methods.  
 
 
Figure 1.5 Process of Z Corp 3DP 
 
2) Printing of materials (Solidscape for wax, Objet for photopolymers) 
The Solidscape, Inc.'s inkjet 3D printer uses a single jet each for a plastic build 
material and a wax-like support material, which are held in a melted liquid state in 
reservoirs. The liquids are fed to individual jetting heads which squirt tiny droplets of 
the materials as they are moved in X-Y fashion in the required pattern to form a layer 
of the object. The materials harden by rapidly dropping in temperature as they are 
deposited.  
After an entire layer of the object is formed by jetting, a milling head is passed over 
the layer to make it a uniform thickness. Particles are vacuumed away as the milling 
head cuts and are captured in a filter. The process is repeated to form the entire object. 
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After the object is completed, the wax support material is either melted or dissolved 
away.  
The most outstanding characteristic of the Solidscape system is the ability to produce 
extremely fine resolution and surface finishes, essentially equivalent to CNC machines. 
However, the technique is very slow for large objects. While the size of the machine 
and materials are office-friendly, the use of a milling head creates noise which may be 
objectionable in an office environment. Materials selection also is very limited.  
Objet Geometries Ltd., an Israeli company, introduced its first machine based on 
PolyJetTM technology in early 2000 (Fig. 1.6). It's a potentially promising 
replacement for stereolithography. The process is based on photopolymers, but uses a 
wide area inkjet head to layerwise deposit both build and support materials. It 
subsequently completely cures each layer after it is deposited with a UV flood lamp 
mounted on the printhead. The support material, which is also a photopolymer, is 
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Figure 1.6 process of photopolymer inkjet system 
 
with pressurized water in a secondary operation. With specifications similar to laser- 
based stereolithography systems costing several times as much, and operating 
conveniences similar to lower-cost 3D printers, this is an important technology to 
watch.  
 
1.1.6 Ballistic Particle Manufacture (BPM) 
There is another process which uses ink jets to directly deposit low-melting target 
materials. Ballistic Particle Manufacturing (BPM), which was developed and 
commercialized by BPM Technology, Inc. (U.S.), uses a piezoelectric jetting system to 
deposit microscopic particles of molten thermoplastic (Fig. 1.7).  BPM uses 3-D data 
about a solid model to position streams of material on a target. 3-D objects are 
generated in a way that is comparable to how inkjet printers produce 2D images. Like 
FDM and SLA, support structures are required for "unconnected" features. The 
supports are deposited in a perforated pattern to facilitate removal. Part material 
supports are made from water soluble wax (polyethelene glycol) and are removed after 
completion by placing the model in water.  
 
Figure 1.7 Ballistic particle manufacturing 
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The point of putting BPM here is because it is the only system which has 5-axis 
positioning mechanism that offered several degrees of freedom, enabling it to deposit 
droplets from more than one angle. The technology has the potential to be used for 
truly freedom, non-layered fabrication because the droplets can be ejected at many 
angels, not just from straight overhead. 
 
1.1.7 Metal powder systems 
The systems that are able to melt, deposit or bond molten metals without a secondary 
infiltration process have the best opportunity for direct manufacturing. Most of these 
systems utilize powdered metals and are selectively melted in a powder bed or the 
powder is fed into a laser beam, where it is melted and deposited. Common materials 
seen in these processes are tool steels and titanium. 
1) Fused Metal Deposition Systems 
The two commercial systems available today are the Optomec laser engineered net 
shaping (LENS) and the POM direct metal deposition (DMD). The DMD and LENS 
systems both use powdered metal and a focused laser. The key to the technology is an 
optical heat energy source, in this case an industrial laser that is used to directly 
fabricate metal parts. They can be used for either direct creation of a part or add 
material to existing components for Service and Repair applications. In both cases one 
achieves a metallurgical bond as opposed to the mechanical bond of a weld. The laser 
acts as a mixing device to melt some of the previous layer as it deposits. They can 
deposit pure metals, such as tool steels, and titanium.  
These systems have multiple powder feed cartridges that give the unique opportunity 
for creating multiple material or gradient structures where the composition can be 
changed in three dimensions. In addition, ceramics or other non-metallic materials can 
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be added through one of the feeders to offer localized property enhancement for wear 
or cutting surface properties. 
By adding different materials to each other via these methods can allow one to take 
advantage of dissimilar materials in an environment where one or the other would not 
normally be used. The LENS process has excelled in the deposition of titanium and its 
alloys. Operating in a vacuum environment it can deposit titanium and achieve 
equivalent mechanical properties to that of a cast or wrought alloy. There are 
numerous other alloys under development for LENS and DMD by equipment 
manufacturers and probably more by their customers. The majority of metals are 
readily available in powder form from other manufacturing processes. 
 
2) Selective Laser Sintering systems 
Systems from MCP and EOS are basically selective laser sintering but a full melt of a 
metal powder is achieved in the bed. The electron beam melting (EBM) system from 
Arcam, Sweden, uses an electron beam to melt the metallic powders. In the selective 
laser melting system of MCP, the used metal powder (e.g. stainless steel 1.4404) is 
locally melted by an intensive infrared laser beam that traces the layer geometry.  
.The advantages to the powder bed systems are that support structures are often not 
required and there are many powder options. Almost 100% dense metal parts can be 
made from customary metal powder. The disadvantage is that they currently cannot 
build from more than one powder at a time.  
 
1.1.8 Composite materials in RP 
Almost since the very beginning, experiments have tried to use more than one material 
in Rapid Prototyping machines. In fact, multiple materials are fundamental to how 
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some technologies work. The Laminated Objected Manufacturing (LOM) process, for 
example, requires that sheet material be combined with a resin to bond sheets together 
to form a completed object. The curved-LOM technology developed at The University 
of Dayton (Klosterman, etal., 1999) folded the sheet material so that it conformed to 
shell geometry. The sheet material can be carbon or ceramic fiber composites.  Most 
researchers and vendors add further materials to RP technologies in order to enhance 
the basic process, either to optimize the process or improve the process of the final part 
in some way.  
 
Windform is a company that produces a range of material by the same name that can 
be used in SLS machines. These materials are polymides mixed with different additive 
s as powders to provide greater strength, stiffness, heat deflection, etc. the additive 
powders include aerospace grade aluminum, glass, and carbon-based particles. 
 
3D systems also offer a competitive range of composite materials for its SLS machines. 
In addition, there is a composite material called Bluestone specially developed by 3D 
systems for the SLA process. The material contains nano-sized ceramic particles that 
provide a means of improving stiffness, rigidity and heat deflection.  
 
 
1.2 Rapid Manufacturing 
The definition of rapid manufacturing (RM) is the direct production of finished goods 
using additive fabrication technologies (Wohlers, 2006). As motivated by the 
development of rapid prototyping, the field of RM has grown in recent years. As the 
goal of rapid prototyping development, rapid manufacturing is being accepted as the 
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way to bring RP to the mainstream of future use by more and more people (Wohlers, 
2006).  
 
A few RP systems which aimed at RM applications are beginning to appear 
commercially. There are numerous applications of RM. Geometric freedom, material 
flexibility, elimination of tooling, lowered costs and mass customization are the five 
main properties of Rapid Manufacturing. However, everything has two sides. The 
advantages also have their negative effects.  
 
1.2.1 Geometric freedom 
Essentially all RP technologies provide the ability to fabricate objects with geometric 
freedom. It is the main reason why RP exists. Although geometric freedom is attractive, 
it comes with several limitations using today’s technologies. The speed of fabrication 
compared to standard manufacturing methods is much slower. The finishes and 
accuracy are not on the same level of the parts made by conventional manufacturing 
technology. Post-treatments, such as support material removal and hand-finishing, are 
required. There are also size limitations at present which are more restrictive than 
those of standard manufacturing methods. 
 
1.2.2 Materials 
Using of multiple materials, composites and functional graded materials offers the 
potential to control the local geometric meso- and micro structure of objects. This 
means the properties of a part can be optimized according to its designed function 
which is impossible to be achieved by existing conventional manufacturing methods. 
  17
 
Chapter 1 Introduction 
Materials can be selected for their mechanical, thermal, optical or other properties 
beyond the capability of instinct material itself. 
 
On the other hand, the reality of RM is that the advantages of materials only give a 
blueprint. There are only a few dozens of RP/RM materials commercially available in 
the market, spread out over all classes of material such as plastics, metals and ceramics. 
Compared to those available to standard manufacturing technologies, RP/RM material 
still has a long way to go.   
 
1.2.3 Elimination of tooling 
Theoretically, CAD directly drives all RP processes to make it possible to fabricate 
objects without the limitation of using tooling. The potential of elimination of tooling 
results in saving cost and time. In practice, it may often not be possible to eliminate 
tooling completely using today’s RP technologies.  
 
1.3 The objectives of the thesis 
One factor that is common in all RP technologies is the lack of mechanical strength in 
parts when compared with equivalent parts made using conventional processes. Whilst 
there are distinct advantages in the use of RP, one factor hindering the development 
into RM is the fact that parts are generally weaker than their equivalents manufactured 
conventionally. For example, FDM ABS parts are approximately 70% of the UTS that 
can be achieved using injection molding due to the gaps that will inevitably occur in 
parts. Metal powder fabrication systems cannot induce large or directional grain 
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One solution that has been demonstrated for polymers is the use of composite materials 
using the SLS process (Gibson, etc., 2008). Whilst this does not overcome the process 
deficiencies (parts will still be weaker than if the material was used in injection 
moulding), resulting parts are stronger than those of the matrix polymer alone, with 
possible additional benefits of improved thermal transfer and heat deflection. This 
therefore provides an overlap between applications that could replace conventional 
processes with simple materials with those that use RP with composites.  
 
Whilst there are limited forms of composite material in SLS and SLA, the use is 
restricted to powder composites. The layered fabrication approach limits the use of 
fibre-reinforced composites. A fibre-reinforced composite component generally 
requires a directional approach to design, with fibres running along the load direction 
or normal to the impact direction. Even if fibres could be introduced to an RP process, 
the direction may not relate to the required loads. This is demonstrated by the LOM 
process, which is naturally a fibre-reinforced composite that easily delaminates when 
forces are applied in the layer direction. 
 
Although the properties of RP/RM are attractive，eliminating the limitations and 
realizing the potential described here requires substantial technological development 
especially on materials and process development. In order to solve the above problems, 
a novel rapid prototyping technology incorporating a curved layer building style is 
being developed. The new process, based on fused deposition modeling (FDM), is 
being developed for improving the mechanical properties of layer manufactured 
structures. A short fiber reinforced composite is used as a source material to improve 
the mechanical properties of the FDM parts. A machine was built for efficient 
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fabrication of shell structures using addition of curved layers. What mainly concerns us 
in the thesis is the mechanical properties improvement of FDM parts by applying short 
fiber reinforced composite. Extensive experimentation has been done to find out the 
effect of short fiber in the final parts, compared to the pure material which is chosen as 
the matrix. The 3D curvature system is described at the end of the thesis as well.  
 
The structure of this thesis is as follows. Chapter 2 will describe the curved-FDM 
principle, discussing different key components of the design. Chapter 3 will describe 
the experimental parameters, system calibration and result discussion. In chapter 4, the 
software for 3D curvature will be introduced and some simple curved-FDM parts will 
be illustrated.  In chapter 5, the potential of future work will be discussed, both in 
terms of how the mechanical strength of FDM parts could be enhanced, and the 
directions in which this thesis could lead to future research. Chapter 6 will conclude 





Chapter 2 Overview of Curved-FDM 
 
 
As highlighted in the first chapter, in all RP technologies is the lack of mechanical 
strength in parts when compared with equivalent parts made using conventional 
processes. One solution that has been demonstrated for polymers is the use of 
composite materials. In this thesis, a fiber-reinforced composite was used to improve 
the mechanical strength of FDM parts. However, the layered fabrication approach 
limits the use of fibre-reinforced composites. A fibre-reinforced composite component 
generally requires a directional approach to design, with fibres running along the load 
direction or normal to the impact direction. 
 
FDM potentially can be used to fabricate short-fiber or particulate-reinforced 
composite parts. The FDM process operates by employing a heated nozzle to melt and 
extrude out a material such as nylon, acrylonitrile–butadiene–styrene (ABS plastic), or 
wax. The build material is supplied in the form of a filament. The filament is 
introduced into a channel of the nozzle inside which the filament is driven by a motor 
and associated roller to move like a piston. The front end, near a nozzle tip, of this 
piston is heated to become melted; the rear end or solid portion of this piston pushes 
the melted portion forward to exit through the nozzle tip. The nozzle is translated 
under the control of a computer system in accordance with previously sliced CAD data 
to trace out a 3-D object point by point and layer by layer. In principle, the filament 
may be composed of a short fiber or particulate reinforcement dispersed in a matrix.  
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The curved-FDM process which is being developed by our group originated from the 
need to fabricate fibre-reinforced structures containing sloping, curved conformal 
planes which contribute to curved-shell components. With these structures, it is 
critically important to maintain fibre continuity in the curved surfaces. All RP 
processes are capable of fabricating complex, curved geometries using flat layers, 
albeit finite-thickness flat layers, in combination with post-machining of the final part. 
However, flat layer RP processes are incapable of addressing the larger geometrical 
issues involved with fiber composite fabrication, namely fiber orientation and 
continuity. 
 
Since FDM is the trademark of Stratasys and also since our system functions 
differently, the curved –FDM system which is developed by our group is named as 
Curved-FDM.  
The FDM system we designed for the Curved-FDM is shown in Fig. 2.1.  
 
Figure 2.1 schematic diagram of the Curved-FDM 
 
In this system, a single screw extruder is built and mounted on a Sony RobokidTM for 
efficient fabrication of shell structures using addition of curved layers with 3-axis 
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movement. Instead of being limited to building with flat layers, the FDM machine 
would be capable of building in a curved-layer-by-curved-layer manner by plotting in 
3 dimensions. The new curved layer FDM process would allow short-fiber composites 
to maintain their fiber orientation and distribution in the plane of curvature to achieve 
optimum mechanical performance. 
 
The normal FDM systems potentially can be used to fabricate short-fiber or 
particulate-reinforced composite parts. However, the build material is only supplied in 
the form of a filament and the option of materials which is made in filament form is 
very limited. That means if you want to introduce a new material, you have to make a 
continuous and high quality filament first which is already a huge task. The extruder 
we use allows us to use materials which are in the pellet form. In principle, the pellet 
may be composed of a short fiber or particulate reinforcement dispersed in a matrix 
(e.g. a thermoplastic such as polypropylene). In this case, the resulting object would be 
a short fiber composite or particulate composite with improved properties. The 
comparison between curved-FDM and commercial FDM is shown in Table 2.1. 
 
Table 2.1 Comparision between Curved-FDM and Stratasys FDM 
 Commercial FDM Curved-FDM 
Material form Filament Pellet or particulate 
Feed-in section Rollers Screw 
Efficiency good higher 
 
The curved layer FDM process originated from the need to fabricate fiber-reinforced 
structures containing sloping, curved conformal planes which contribute to curved-
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shell components. With these structures (Fig. 2.2), it is critically important to maintain 
fiber continuity in the curved surfaces.  
Applied force F 
Build Platform Former or Mandrel 
a. planar layers b. curved layers 
Supports 
 
Figure 2.2 Comparative layer-based approach for building parts 
 
All RP processes are capable of fabricating complex, curved geometries using flat 
layers, albeit finite-thickness flat layers, in combination with post-machining of the 
final part. However, flat layer RP processes are incapable of addressing the larger 
geometrical issues involved with fiber composite fabrication, namely fiber orientation 
and continuity.  
 
2.1 Hardware design 
In the physical process of fabrication with Curved-FDM, pellets (e.g. short fibre 
reinforced pp) are fed into a hopper. The pellets are then fed to the barrel by the 
rotating screw which is connected to a step motor. Then pellets are conveyed through a 
heated barrel where they are melted and forced down to the nozzle. At last the melted 
material is fed through a nozzle and deposited onto the partially constructed part. Since 
the material is extruded in a semi-molten state, the newly deposited material fuses with 
adjacent material that has already been deposited. The head then moves around in the 
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x-y plane and deposits material according to the part geometry. After one layer finishes, 
the head moves vertically upwards in the z-plane to begin depositing a new layer on 
top of the previous one. Since the new system can be fed by material which comes in 
pellet form, it opens a window to easily adopting new materials. However, the key is to 
make sure pellets can be delivered to the barrel evenly and continuously. So we can 
see, the extruder is the hardcore of the Curved-FDM system. 
 
2.1.1 The basic of screw design 
Extruder screws are used in the extrusion process, and convey plastic pellets through a 
heated barrel where they are melted and forced out of a die. Other functions of the 
screw include mixing material together and building pressure so that material can be 
forced through the die. Screws are attached to a motor through a bearing and rotated in 
the barrel of a machine. Plastic is conveyed by the flights on the screw. Flights are the 
angled disks that are on the shaft of the screw. Typical clearance between the flights 
and the barrel are about 0.025mm (White, 2003). Flight depth is the distance from the 
tip of the flight and shaft of the screw. Flight depth varies between screw sections.  
Extruder screws have three sections (Fig. 2.3): feed section, transition section, and 
metering section. The feed section has the greatest flight depth and is used to convey 
un-melted pellets. The transition section has a decreasing flight depth which helps to 
melt plastic and build pressure. Plastic is completely melted in this section. The 
metering section has the lowest flight depth and creates a high amount of shear which 
causes a pressure build up. 
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Figure 2.3 The sketch of extruder screw (White, 2003) 
 
2.1.2 Design variables 
Influence of extrusion variables were well discussed by Giles, Harold F (2003). 
1) Length/Diameter ratio                                             
 The L/D ratio is the length of the screw divided by the outside diameter of the screw. 
A ratio of 24:1 – 30:1 are common but they can range from 12:1 – 40:1. The higher the 
compression ratio is, the more shear that is generated, there is greater heat uniformity, 
and a greater potential for adding stress.  
2) Screw profile                                                    
 The screws profile refers to the lengths of each zone of the screw. A longer feed zone 
can mean a greater output.  A longer transition zone allows for less shear heat and 
more time to melt and compress the plastic. A longer metering zone allows for more 
pressure to build up. The opposite is true for shorter zones. 
3) Flight depth                                                                                                        
Flight depths are dependent on the resin being processed. However changing flight 
changes the amount of shear and output of the screw. Deeper flight depth results in less 
shear, but increases the output. 
4) Compression ratio                                             
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Compression ratio is the flight depth of the feed zone divided by flight depth of the 
metering zone. Typical ratios range from 1.5:1- 4.5:1. Higher compression ratio means 
more shear, greater heat uniformity, and potential for stress. Shear sensitive materials 
should have a lower compression ratio. 
5) Helix angle                                                       
The helix angle is the angle at which the screw flights are positioned compared to a 
plane perpendicular to the screw shaft. A larger helix angle equals an increase in the 
rate at which material is conveyed, and an increase in the amount of torque required to 
move material. The screw we designed is shown in Fig. 2.4 
 
Figure 2.4 The engineering drawing of screw 
 
 
2.2 Material selection 
Nowadays, the investigation of composites focuses on the following 4 types of fillers: 
continuous fibers, short fibers, particles and nanofibres. 
 
The fiber reinforced composite with the best mechanical properties are those with 
continuous fiber reinforcement. Part of the property advantages of continuous fiber 
composites derives from continuous nature of the reinforcement but the resulting part 
is a consequence of the highly parallel fiber orientation. In short fiber composites the 
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fiber orientation distribution is far less perfect and is often random (De and White, 
1996). Fiber reinforced composites are known to have great stiffness, strength, damage 
tolerance, fatigue resistance, and corrosion resistance. However, commercially 
available RP technologies are not suitable to be reinforced by using continuous fiber. 
Some preliminary attempts have been made to use stereolithgraphy based techniques to 
fabricate both short and continuous fiber reinforced, UV-curable resins (Zhong, 2001), 
consequently the resulting composites showed low strength and stiffness. 
 
Selective laser sintering (SLS) technology was developed initially at the University of 
Texas in 1987 as one of the new rapid prototyping, tooling and manufacturing (RP, RT 
and RM) techniques. One of the advantages of SLS is flexibility in the range of 
material that can be used, and therefore many research organizations have developed 
new materials for SLS (Zhang, 1997; Marcus, 1993). Nowadays, many kinds of plastic, 
sand, bronze and stainless steel powders are available as commercial materials. 
Various plastics, fiber glass composite, ceramics and even metals have been 
successfully used as material additives in SLS. Ceramic and metal parts have been 
made from procedures which allow wide variation in material composition, although 
the resulting green-parts require careful furnace sintering to achieve usable strengths. 
Metal powders are especially suitable for SLS-type processes and it has so far proven 
impossible to form metallic parts directly by other RP, RT and RM techniques. For 
example, preliminary research has shown the possibilities of WC–Co–bronze 
composite material by SLS combined with an infiltration process (Maeda, 2004). 
Furthermore, an initial investigation was held into the feasibility of producing bone 
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Modified laminated object manufacturing (LOM) has been used to prepare polymer 
matrix and ceramic matrix composites. A group in Dayton has used Monolithic 
ceramic (SiC) and ceramic matrix composite (SiC/SiC) for the investigation of curved 
LOM process (Klosterman, 1998). 
 
Other RP techniques that potentially can be used to fabricate short fibre- or particulate-
reinforced composite parts include FDM and powder-dispensing techniques. 
In order to fabricate prototypes by FDM with improved mechanical properties, we 
need to provide FDM cable with better mechanical properties. We can expect 
properties of FDM models to be about 30% lower than moulded samples made from 
similar material. This is mainly because property of FDM cable degrades after 
extrusion from the nozzle, plus there are gaps between extrudate regions and bonding 
between extrudates is not ideal. 
 
At present, only a few polymeric materials with limited mechanical properties are used 
in commercial FDM systems. Many of the prototypes fabricated can only serve as a 
sample of the proposed production part because of the poor mechanical properties. The 
materials that are commercially available for the FDM rapid prototyping system 
Polyphenylsulfone (PPSF), acrylonitrile butadiene styrene copolymer (ABS), 
Polycarbonate, a nylon copolymer, and an investment casting wax. Comparing these 
commercially available materials, PPSF has the highest tensile modulus and strength. 
Therefore, there is interest in developing materials that can be used to fabricate 
prototypes by FDM with higher mechanical properties which give the parts greater 
functionality. Examples of ongoing work in this area include ceramic and metal part 
fabrication at Rutgers State University (Agarwala, 1996, Dai, 1997, McIntosh, 1997, 
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Qi, 1997, Safari, 1997) and fibre reinforced thermoplastic, ceramic, and metal part 
fabrication at Advanced Ceramics Research (Crockett, 1995, Hilmas, 1996, Lombardi, 
1997).  
 
Researchers at Virginia Tech (Gray et al, 1998) have developed a new high 
performance thermoplastic composite for FDM, involving thermotropic liquid 
crystalline polymers (TLCP) fibres, and have used it in FDM system to fabricate 
prototype parts. The tensile modulus and strength of this material were approximately 
four times those of ABS. Therefore, prototypes fabricated with these materials would 
have greater functionality than those fabricated with ABS. Commercial TLCP sold by 
Hoechst Celanese, was used to reinforce polypropylene (PP).  
 
New materials for FDM are needed to increase its application domain especially in 
rapid tooling and manufacturing areas. The basic principle of operation of the FDM 
process offers great potential for a range of other materials including metals and 
composites to be developed and used in the FDM process as long as the new material 
can be produced in feedstock filament form of required size, strength and properties. 
 
The FDM feed material we intended to fabricate is short-fibre-reinforced composite. 
Actually, the fibre-reinforced composites with the best mechanical properties are those 
with continuous fibre reinforcement. This is because the continuous fibre orientation 
can be easily aligned with the direction of deposition. Short fibre orientation will be 
less perfectly aligned and can often become random if the constrained volume is 
sufficiently large (De and White, 1996).  
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Short fibres are often used to reinforce plastics, in injection moulding processes for 
example. The volume fraction of fibres within the mould and at the surface, and the 
local fibre orientations are of interest in determining final mechanical properties. Fibre 
ends act as stress concentrators, and so represent the weak point in the composite. 
Extensive experimentation has usually been necessary to find out the effect of 
changing fibre aspect ratios on mechanical properties, and to see what benefits might 
arise from different fibre choices. 
 
The most common fibre reinforcement is glass, usually E-glass (for ‘electrical grade’). 
Metal fibres can be used to provide electrical conductivity. It’s also possible to 
improve the properties of composites by using higher performance fibres such as 
carbon, boron or polyaramid fibres. In the case of soft rubbery composites, cellulose 
fibres have been found to give better reinforcement than glass or carbon fibres. 
 
Nowadays, researchers appear to focus more on natural fibre reinforcement (Frederick, 
2004). The developments in composite material after meeting the challenges of the 
aerospace sector have turned to domestic and industrial applications. Composites, the 
wonder material with light-weight, high strength-to-weight ratio and stiffness 
properties are trying to replace the conventional materials like metals, woods etc. 
Material scientists all over the world focus their attention on natural composites 
reinforced with wood fibre and vegetable fibre (e.g. jute, sisal, coir, pineapple, etc) to 
cut down the cost of raw materials. As in synthetic fibre composites, the mechanical 
properties of the final product depend on the individual properties of the matrix, fibre 
and the nature of the interface between the two. Where the fibre is an natural one, it is 
possible to tailor the end properties of the composite by selection of fibres with a given 
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chemical or morphological composition. Several studies of fibre composition and 
morphology have found that cellulose content and microfibril angle tend to control the 
mechanical properties of cellulosic fibres. Higher cellulose content and lower 
microfibril angle result in higher work of fracture in impact testing. Sisal fibres show 
better reinforcing efficiency than coir, and the specific strength properties of the 
composites are comparable to those of glass fibre reinforced plastics (GRP). On the 
other hand, coir fibre, despite having low strength and modulus, improves the impact 
resistance of polyester due to its large strain energy absorption. Although the tensile 
strength and Young’s modulus of jute are lower than those of glass fibres, the specific 
modulus of jute fibre is superior to that of glass and when compared on modulus per 
cost basis, jute is far superior. The specific strength per unit cost of jute, too, 
approaches that of glass. Therefore, where high strength is not a priority, jute may be 
 
Table 2.2 Comparison of the properties of natural fibres and glass fibre 
Fibre Flax Hemp Jute Wood E-glass 
Density 
(g/cm3) 





690 393-800 970-1770 3400 
Young’s Modulus 
(GPa) 





470 302-615 1630-2950 1350 
Specific modulus 
(GPa cm3/g) 
18.4 47.6 10-20 17-133 24 
 
used to fully or partially replace glass fibre. We can see the mechanical properties 
comparison between natural fibres and glass fibre in Table 2.2. The specific strength is 
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the strength of the fibre divided by the density of the fibre, and the specific modulus is 
the modulus divided by the fibre’s density (Mohanty, 2005, Baillie, 2004). 
 
In this project, wood fibre is chosen by us because of its outstanding specific strength 
and modulus and recycalibity. 
 
As far as the thermoplastic polymer side is concerned the options are too numerous, 
even to summarize. However certain polymers such as PP have gained popularity in 
fibre composites. For the choice of PP big industries such as automotive are 
responsible and it is mainly based on the low price per kg of PP and its good 
recyclability. If in the future the mechanics of fibre-polymer interaction would be 
better understood, the main approach to the polymer selection should be based on the 
characteristics needed of the fibre/composite and product characteristics rather than 
arbitrarily selecting a polymer and then seeking to make a product out of this 
composite. However, within the limited scope of this project the selection of polymers 
has been pragmatic. As far as thermoplastic polymers are concerned, the 
polypropylene was chosen. This choice was based on reasons of availability, low cost 





Much of the part fabrication process in RP is dependent on the ability to combine 
layers together. This forces severe constraints on the materials suitable for a particular 
process. The majority of RP processes build models from polymeric materials since 
  33
 
Chapter 2. Overview of Curved-FDM   
this represents satisfactory material properties without the need to resort to very high 
temperatures and/or forces. Most of the RP materials have poor mechanical properties. 
The development of composites for RP opens a wide range of possibilities for the 
applications of RP, since the composite material implies the high performance and the 
potential for end use (Hutmacher, 2004). When using wood fibre composite in general, 
one or more of the following aspects are used to benefit from: 
1) Wood fibre composite has higher strength and stiffness per unit weight 
2) Wood fibre composite is eco-friendly and both  the fibre and matrix (polypropylene) 
can be recycled 
3)  Has a freedom in design. With a number of particular manufacturing techniques it 
is possible to make very large and complex 3D shaped components. 
4)  Composites are durable, fatigue resistant and corrosion resistant 
5)  Resistance to impact because of the capability to absorb much elastic energy 
6)  Thermal, acoustic or electrical insulation 
Dispersing fillers in a polymer matrix could potentially increase the mechanical 
strength of the polymer, introduce electrical conductivity or simply improve the 




There are still many phenomena related to composite materials which are not fully 
understood and which are the subject of ongoing research. These phenomena may be 
macroscopic like damage (loss of strength and/or stiffness) and fatigue (loss of 
strength under cyclic loads), or microscopic like delamination (loss of adherence 
between layers), debonding (loss of adherence between fiber and matrix) and matrix 
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cracking. For these scales, development of composites for use in RP has two main 
challenges: 
1) Since in usual designs the main loads are parallel to fibre direction, transverse 
failure of composites is normally not critical but, of course, it has not been verified in 
the proposed design and may contribute to the degradation like delamination. 
2) Study on improving the bonding between fibre-fibre and fibre–matrix. We also 
need to consider the effect of fibre distribution   
The usual design criterion for composite materials is based on trying to align the fibres 
with the most critically loaded directions of the mechanical component. Nevertheless, 
the behaviour of the composite in the transverse or perpendicular plane is also of 
importance because normally transverse layers are used in the laminate. Also, in 
applications with non-regular shapes the stress state may vary from one point to 




Based on FDM, a novel RP technology (Curved-FDM) is being developed to provide 
users an enhanced capability for fabricating structural short-fiber polymer composites. 
A machine was built that uses screw extrusion process for efficient fabrication of shell 
structures using addition of curved layers with 3+ axis movement. The curved layer 
building style, instead of being limited to building with flat layers, would be capable of 
building in a curved-layer-by-curved-layer manner by plotting in 3 dimensions. The 
new curved layer FDM process would allow short-fibre composites to maintain their 





Chapter 3 Process Parameters 
 
 
In the second chapter, the Curved-FDM system was introduced. The actual machine is 
in Fig. 3.1. The materials we are using have varying melt flow properties according to 
the composite loading and build ratios. Furthermore, build strength and accuracy are 
partially determined by robot parameters. In this chapter, the parameter identification 
and machine calibration will be described. Then we will talk about the experimental 












 Figure 3.1 Curved-FDM  
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3.1 Process variables 
In this curved-FDM system, process variables that affect the FDM process can be 
divided into four categories, as listed in Table 3.1. These are operation parameters, 
machine parameters, materials parameters and geometry parameters (Ahn, 2002). Of 
these categories, the materials parameters are determined first. In our system, short 
wood fiber reinforced polypropylene (PP) is chosen. The most important task in this 
thesis is the investigation on whether the FDM parts could show higher mechanical 
strength by adopting short wood fiber as the reinforcement. Once the material is 
determined, proper optimization of the other process variables determine the internal 
and external quality of FDM parts. These variables are interdependent and hence need 
to be optimized concurrently to fabricate high quality FDM processed parts.  
Table 3.1 FDM process variables 
Operation specific Machine specific Materials specific Geometry 
specific 
layer thickness Nozzle diameter Fiber characteristics Fill vector length
Road width Flow rate Matrix characteristics Support structure
Head speed Filament diameter Viscosity  
Extrusion 
temperature 
 Thermal conductivity  
Envelope 
temperature 
 Flexibility  
Cross hatch    
 
The material extruded out of the nozzle in the FDM system is deposited in the form of 
a fine bead of material, referred to as a “road”. The width and thickness of the road is 
defined by the user in the build file for the part. Once these parameters are defined by 
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the user, the nozzle is chosen for extrusion. Typically the defined road is usually 
required to have a width that is 1.2 to 1.5 times the diameter of the nozzle, because as 
the road is deposited and solidifies, the material flows a certain amount in directions 
perpendicular to the direction of deposition. The process utilizes a constant volumetric 
displacement principle in deposition of material. The dimensions of deposited roads 
are therefore controlled by the material flow rate. The dimensions of the road (width 
and thickness) along with the nozzle speed determine the flow rate of the material to be 
extruded out of the nozzle.  
 
3.2. Build parameter considerations 
The first step in the experiment was to identify the process control parameters which 
affect the properties of FDM parts. The selected parameters are listed below (Ahn, 
2002). 
1) Road width: road width is the thickness (measured in X-Y plane) of the road that the 
FDM nozzle deposits. It can vary from 1mm to 2mm for the curved-FDM machine (as 
the diameter of the nozzle we used is 1mm, the road width varies when the dispensing 
speed changes).  
2) Air gap: air gap is the space between the roads of FDM material. The default is zero, 
meaning that the roads just touch. It can be modified to have a positive gap, which 
means that the roads of material separate with each other. The positive gap results in a 
loosely packed structure (like when making scaffolds) that builds rapidly. The air gap 
value can also be modified to have a negative gap, meaning that two roads partially 
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3) Extrusion temperature: this parameter refers to the temperature of the heating 
element for the model material. It controls the viscosity of molten material that is 
extruded from the nozzle. 
4) Raster orientation: refers to the direction of the roads of material (roads) relative to 
the loading of the part. 
 
The following process parameters were neglected: envelope temperature (the 
temperature of the air around the part), slice height (which is similar to road width in 
the vertical direction), and nozzle diameter (the width of the hole through which the 
material extrudes). These parameters were neglected because they appear to be 
duplicates of the selected parameters. 
The envelope temperature (the temperature of the heated plate) appeared to have an 
insignificant effect on parts prototyped by the FDM machine. The key effect of 
envelope temperature is to reduce the deformation of FDM parts, which is caused by 
the temperature gradients during dispensing. In FDM, inner stresses resulting from the 
contraction of deposition fibers within one layer can affect the prototype size precision, 
bring about prototype deformation, including warp and inner-layer delaminating or 
cracking, destroy the supporting structures between the main body of the prototype and 
the worktable, and even cause fabrication failure (Wang, 2007). The envelope 
temperature is determined by the specific material. Slice height is the thickness of each 
layer measured in the vertical or Z direction. As mentioned above, the process utilizes 
a constant volumetric displacement principle in deposition of material, so varying the 
slice height would most likely have the same effect as varying the road width. Since an 
individual road of the material is homogenous, varying the geometry of the road in one 
dimension should have the same effect as modifying it in the other dimension, causing 
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a redundancy between this parameter and road width. Similarly, the nozzle diameter 
was assumed to primarily affect the geometry of the extruded road. Since road 
geometry was already being altered via road width (which is affected by the material 
flow rate and dispensing speed), altering the nozzle diameter seemed to duplicate the 
testing. Changing a nozzle, which requires a physical transfer and recalibration for 
every change, would be more time-consuming than changing road width, which is 
easily modified in software. 
 
3.3 Introduction of software 
RPBOD (Rapid Prototyping Robotic Dispensing System) includes an interface 
program which was used to control the Curved-FDM machine. It lets you import STL 
files as well.  After importing the STL files, the slice parameters needed to be set, and 
the parameters were determined that included layer thickness and nozzle tip diameter 
(Fig. 3.2).  Then the sliced file was saved as a CLI.file. From Fig. 3.2, we can see the 
software could mostly control 3 nozzles, the STL.file does not have to be sliced evenly. 
 
Next, the toolpath, or the path the nozzle followed when depositing the fused material, 
was selected. RPBOD allowed us to select the toolpath with is named as cross hatch in 
this software. To decide the toolpath, four aspects need to be considered. The four 
aspects are dispensing/scan direction, static, layers properties and layers & properties 
data input (Fig. 3.3). In these parameters, scan direction, delta (Delta=Road width + 
Air gap) and road angle (to X axis) are the most critical. For example, when the scan 
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Figure 3.2 slice control 




Figure 3.3 crosshatch setting 
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Figure 3.4 round-way connected toolpath 
 
The last parameter is the counter option. You can choose to build each layer with 
counter or without counter. If the counter is needed, the outer perimeter of the layer is 
built first.  The perimeter is used to lend extra strength to the outside surface. The 
internal area is then filled in, by continuing to contour the perimeter. When the 
toolpath is selected, the building time is only controlled by rapid transverse speed and 
dispensing speed (Fig. 3.5). Dispensing speed refers to how fast the nozzle moves 
during dispens. The rapid transverse speed shows how fast the nozzle moves from the 
end of a just finished layer to the starting point of the next layer. Normally, the 
dispensing speed does not change once it is decided. Changing dispensing speed would 
affect the layer thickness and road width. 
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Figure 3.5 3D modeling 
 
3.5. Design of experiment 
New materials for FDM are needed to increase its application domain especially in 
rapid tooling and manufacturing areas. The main goal of the experiment is the 
mechanical properties improvement of FDM objects by applying short-fiber 
reinforcement. The dense FDM parts which were used for testing were separately 
made of short fiber reinforced polymer and non-reinforced polymer. The 
“Improvement” means that at least in the preliminary experiment, optimization of the 
processing parameters is not necessary because all the samples were made under the 
same conditions. The tensile and compressive strength of the FDM parts would be 
tested. In order to make the dense parts, some parameters were investigated. 
The extruder has hardware (1) and (2) and software (3)-(9) based parameters that can 
be set and which influence the structure of sample including (Rodriguez, 2000): 
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(1) extrusion temperature, T1 
(2) envelope temperature, T2 
(3) extrusion flow rate 
(4) road width(RW) 
(5) thickness of each layer 
(6) nozzle speed during extrusion 
(7) cross hatch 
Parameters (1) and (2) influence the extrusion flow and fiber solidification 
characteristics and also the bonding process between fibers. Parameter (4) has a large 
influence on the void geometry, the extent of bonding between fibers within and 
between layers, and on the resulting material density. Parameters (5)-(6) control the 
cross-section geometry and volume of the extruded fiber. The normalized flow rate (3) 
controls the bulk fiber feed speed to the extrusion head; the value of (3) corresponds to 
the fiber width, which is proportional to the volumetric flow rate. Parameters (7) 
control the fiber layout within and between material layers. Parameter settings leading 
to the lowest void and defect densities and the highest fiber bond length densities are 
expected to produce FDM materials with the maximum elastic stiffness and strength 
values (Rodriguez, 2000). 
 
The melting temperature was fixed at 190˚C. When using this temperature, a number 
of problems were encountered: 
1) Warpage. The sample warps because there is big difference between processing 
temperature and room temperature (Wang, 2007). The melting temperature is 
160˚C for polypropylene. It may be possible to adjust the temperature from 100 to 
150˚C until we find the temperature at which we can not see the warp visually. 
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2) How to make sure the size of extruded fiber has constant dimension? We need to 
vary parameter (3) and (6) in order to investigate this. The motor speed which 
controls the extrusion flow rate could be varied between 20 and 60 rpm, and the 
nozzle speed could be varied between 3 and 7 mm/s.  
3) After obtaining good filament which is not warped and has constant dimension, we 
must then investigate the air gap. For instance, if the diameter of nozzle is 1.0 mm, 
the thickness of filament which lays down should be around 1.2 or 1.5 mm. The 
specific value can be measured. Then we can calculate the possible layer thickness. 
In RPBOD, air gap is not an individual parameter, but is represented by Delta (= 
Road Width + Air Gap). When different material compositions are used, the road 
width will vary when keeping all other parameters constant. Calculation of the 
Delta value therefore results from this. 
 
 
3.4 Experiment setup 
3.4.1 Materials 
Wood fiber was obtained from CreaTech alpha celluloses. The higher-quality alpha-
celluose fibers are made directly from pulp purchased from papermakers, which can 
withstand temperatures up to 260°C in theory. Therefore, "pulped" cellulose fibers are 
a better additive for extruded thermoplastic composites (www.compositesworld.com). 
The coupling agent is Integrate NP507030 (Maleic Anhydride Grafted Polypropylene, 
MAPP). It is a chemically modified coupling agent used to combine dissimilar 
materials to provide property enhancements which fulfill final material parameters. It 
has a particular affection when the materials involved contain both polar 
(polypropylene) and non-polar components (wood fibers). The matrix material is 
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homopolymer (PP), exxonmobile PP5262 .MFI 3.0. The materials used in the 
experiment were wood fiber loadings of 10 and 20 wt % (the materials with more than 
20wt% fiber are not feasible to our system, because they do not flow effectively from 
the nozzle) and the coupling varied from 0, 1, 2, 3 wt %.  
 
3.4.2 Extrusion temperature 
According to the testing procedures used for composite materials (Matthews and 
Rawlings, 1994), the first step for a better understanding of the mechanical properties 
is to test the single “fiber”. Since in FDM technology, the extruded road can be 
considered as the reinforcement of the final part, the free extruded filament has been 
tested. 
 
The extrusion temperature was set at 190°C which is recommended by the material 
supplier. Since the feedstock is in the pellet form and pellets are brought down to the 
barrel by the rotating screw (controlled by the motor), nothing could be extruded when 
the motor speed is either too slow or too fast. When the motor speed is too slow, the 
friction which is generated between screw-pellet and pellet-barrel is not big enough to 
bring pellets down. When the motor speed is too fast, pellets would not have time to go 
down and would keep rotating with the screw. As described here, the working motor 
speed is limited in a narrow range. The whole range of motor speed is from 0 to 
100rpm, but the filament (diameter is 1.3mm) of polypropylene could only be extruded 
when the motor speed is between 50 and 80rpm. To decide the extrusion temperature, 
the filaments were extruded at 180, 190 and 200˚C and tested in a micro tensile tester. 
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10%WF, 1%MAPP, 89%PP 
10%WF, 2%MAPP, 88%PP 
10%WF, 3%MAPP, 87%PP 
20%WF, 1%MAPP, 79%PP 
20%WF, 2%MAPP, 78%PP 











































Figure 3.6 Tensile Strength of different wood fiber contents and coupling agent in 
elevated Temperature. (Specimens: Filaments) 
 
The filament extruded at 180˚C showed higher strength than others, so the extrusion 
temperature is chosen as 180˚C. 
 
3.4.3 Dispensing speed 
The extrusion temperature is 180˚C. When the system started dispensing on the 
worktable, the constant road width only can be obtained when the motor speed is 
around 60 rpm (the relative dispensing speed is 4mm/s). For instance, when the motor 
speed is 60 rpm, the dispensing speed varied from 2 to 5 mm/s, the samples we made 
can be seen in Fig. 3.7 
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Figure 3.7  samples with one layer 
 
In Fig. 3.7, in order to see the separated road, the air gap is 2mm. The road width is 
only consistent when the speed is 4mm/s. The processing parameters are very critical 
to every specific material.  
Afterwards, the slice parameters were determined that included layer thickness and 
nozzle tip diameter.  The possible layer is 1.0mm thick and the road width is 1.4mm 
which is measured from the samples shown in Fig. 3.7.    
 
3.4.4 Envelop temperature 
Instead of using a chamber to maintain the envelop temperature, a hot plate was used 
to reduce the warpage. The open-air heated plate resulted in a high envelope 
temperature. During system calibration, the object we built was named as cubic 30 (the 
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dimension of the object is 30 by 30 by 10mm). The envelope temperature was varied 
from 80 to 130˚C. There was no obvious deformation when the temperature was 130˚C 
(Fig. 3.8).   
 
Figure 3.8 the side view of the sample 
 
3.4.5 Cross hatch 
Since the diameter of filament is 1.3mm and the specimens we need are dense parts, 
theoretically, the air gap should not exist. We varied the air gap between 0 and -0.6mm. 
The value of -0.3mm was chosen as the air gap. All the filaments are aligned in the 
longitudinal direction.  
After establishing our prototype parameters for the curved-FDM machine, we prepared 




In the section of experimental setup, we calibrated the building parameters. The 
specimens made for tensile and compressive testing are described in this section.  
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3.5.1 Preparation of compressive specimens  
The size of a specimen for compression is 20 by 20 by 20 mm. The compressive 
specimens did not follow either ISO or ASTM standards, because the standard 
specimens could not be made by our self-made system. Although those were non-




σ =  
Where 
σ is the stress parameter in question, expressed in megapascals; 
F is the force measured, expressed in newtons; 
A is the initial cross-sectional area of the specimen, expressed in square millimetres 
 
3.5.2 Preparation of tensile specimens 
The tensile testing dog-bone specimens follow the ISO standard. The 2D drawing is 
shown in Fig. 3.9. 
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Although the envelop temperature was calibrated in the section of experimental setup, 
the warpage was still evident when starting to build the dog-bone specimens for tensile 
testing. It can be seen that the size of the prototype is also important. The bigger the 
size of the prototype, especially the longer stacking section length, the larger the warp 
deformation or the higher envelope temperature is required. So, the prototypes with 
bigger size and thinner walls, in principle, should not be allowed to be fabricated by 
the FDM process. In order to reduce the warpage, there were two options. The first 
was to use a layer-area-distributing deposition strategy that aimed to greatly reduce the 
warp deformation. In the fabrication process, a phenomenon was found that, when the 
melted material was deposited along a short border and a long border, respectively, in 
the same rectangular layer of the prototype (see Fig. 3.10), the warp deformation with 
the depositing path along the short border is much smaller than along the long border 
(Wang, 2006). Each layer of the prototype may be divided into some rectangular areas, 
and the extruded fiber is controlled to be deposited along the short border of these 
rectangular areas. 
 
Figure 3.10 Long raster and short raster deposition patterns 
 
The second method was constructed by increasing the envelope temperature, especially 
when the strength was the critical issue. The tensile strength of the part with long raster 
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deposition pattern is much higher than that with short raster deposition pattern (Ahn, 
2002). The long raster deposition pattern was chosen in our experiment because this 
complies with the original hypothesis that fibers should align with the flow difrection, 
so raising the envelope temperature was a better way to reduce the warpage. There was 
no visual warpage on the dog-bone when the envelop temperature was 150˚C. 
 
3.5.3 Results 
For each material, 5 specimens were tested in each testing. 
The results of tensile testing and compressive testing were below: 
According to ASTM D695, the ultimate compressive strength is the stress required to 
rupture a specimen. Materials such as most plastics that do not rupture can have their 
results reported as the compressive strength at a specific deformation such as 1%, 5%, 
or 10% of the test sample's original height. In the compressive testing, the specimens 
did not rupture, so the compressive strength was reported at 1% deformation. In the 
Fig. 3.11, the material which contains 20%WF, 3%MAPP, 77%PP showed the highest 
compressive modulus 318 MPa, whist the compressive modulus of PP was only 142 
MPa. The compressive modulus increased when the material adopted more fibers.  
 
Generally, the best mechanical properties in a composite depend mainly on fiber 
orientation, but the adhesion between the fiber and the matrix is also important. This is 
especially true for short fiber reinforced composites. The fibers are loaded through the 
matrix and for good performance, the load must be transferred effectively to the fiber, 
and a strong fiber/matrix bond is required. The using of coupling agent ensures a better 
fiber wetting, resulting in a larger area of contact and good adhesion between the fiber 
and the matrix. (Herrera-Franco, 2005). When the coupling agent was added, the rise  
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Reading from left to right 
 
Figure 3.11 Compressive modulus in 1% deformation with different wood fiber and 
coupling agent contents. 
 
in strength was due to stress transfer from the matrix to the fiber via the coupling agent 
(Sanadi, 1995). Addition of the coupling agent helped in stress transferring from the matrix to 
the fiber. When coupling agent is applied, the increase in fiber content restricted the 
mobility of the PP chain and the material with more fibers could endure more stress, 
reflected in the compressive modulus values (Rana, 1997). From the figure of 
compressive testing result, the optimum dose of 3% coupling agent and 20% fiber 
content was observed. 
 
Normally, the compressive modulus of an injected specimen which is made of pure PP 
is around 1.2 GPa, the compressive modulus of PP which was made by our home-
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made system was only one tenth of that of injected PP. one reason is the dimension of 
our specimens were non-standard and result in errors on the results. The other reason is 
the specimens we made have less precision because the home-made system itself has 
less consistency and precision. The latter one resulted in the air gaps between roads 
and layers which made the specimens easily compressed down. However, the air gaps 
did not affect much on the tensile testing results. When the dog-bone specimen was 
being pulled, the load was taken by the filaments which construct the specimen. 
In the market, RP material vendors rarely list the machine settings, build styles, or 
orientations of the ASTM bars for the data that are available. That is because the 
mechanical properties of RP parts varies when the building parameters changes. The 
well accepted standard for RP parts does not exist, so the mechanical properties of 
injected PP can only be a reference. All the tested specimens were made under similar 
conditions. Although the data we obtained may not be precise, the results could show 
the phenomenon that the mechanical property has improved in a relative sense by 
adopting wood fibers.  
 
The result of compression was positive, but the tensile testing result was opposite. See 
in Fig. 3.12. 
 
The tensile strength of composite parts was even worse than that of pure PP. Actually, 
this is not a surprise. In the Fig. 3.6, the tensile strength of filament showed the same 
phenomenon. In general, the use of the coupling agent significantly improves the 
mechanical properties of cellulose fiber thermoplastic composites. The explanations of 
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Reading from left to right 
a)
 
Figure 3.12 Tensile strength of different wood fibers content and coupling agent in 
180 ˚C. (Specimens: Dog-bone) 
 
1. If the coupling agent did not work. In general, a weak interface will be the weakest 
part of a composite. The phenomenon which showed in our result normally only can be 
obtained when the interfacial adhesion between matrix and fibers was not improved by 
coupling agent. However, the SEM pictures (Fig. 3.13) could prove the coupling agent 
in our material did work. 
In the SEM, the fractured surface of composites with MAPP showed few holes in Fig. 
3.13 a. and many broken fibers in Fig. 3.13 b. Without the coupling agent, there would 
be a lot of holes and no broken fibers in the fractured surface (Rana, 1997). 
2. If the quality of the materials were not good. From Fig. 3.14 we can see, there are 
many holes in the raw pellet, which brings a lot of air into the extruder. If the material 
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mechanical property of the final parts. Since the extruder we used is very small, the 
compression zone of the screw is quite short. The materials do not have enough time to 
be fully compressed. It is very likely that the final parts have air holes inside. However, 
we can not see the evidence in the SEM. If it is not because of the air, the only 
explanation is the bad quality of fiber. In order to identify the reason, injected 
specimens were made and the fiber content varied from 0, 10% and 20%. The MAPP 
content of each composite is 3%. In the commercial injection machine, a vacuum port 
is always at the end of the machine, with the air running out from the port. That 
guarantees the injected parts are 100% dense parts. The injected specimens can be seen 
in Fig. 3.15. After tensile testing, the tensile strength of PP, 10% composite and 20% 
composite are 34 MPa, 44.2 MPa, 44.2 MPa, respectively. The 20% composite was 
expected to show higher tensile strength than that of 10% composite, but it did not. 
The reason can be found in Fig. 3.13. The fibers were not well dispersed in the  
a. tensile fractured specimen
20%WF 3% MAPP 77% PP 
 
b. the micrograph of fractured surface 
of one fiber   
20%WF 3% MAPP 77% PP 
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Figure 3.14 20% WF,3% MAPP,77% PP (Pellet) 
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composite because of fiber glomeration.  The glomeration resulted in the dust-like 
pellets which can be found in the bars visually. If the fiber could be dispersed well, the 
tensile strength of composites would be much higher.  
Now, we can say, the negative result is because of the air inside, fiber glomeration and 
uneven fiber dispersion. Because of the inside holes and uneven fiber dispersion, the 










Chapter 4 3D Curvature 
 
 
As mentioned in the first chapter, two goals are in the project. One is investigating the 
effect of adopting short fiber as the reinforcement. The material experiment was 
introduced in chapter 3; the other is the main aim of the whole system, which is 
building shell parts curved-layer by curved-layer. The main advantage of FDM is that 
complex shapes can be physically realized without elaborate tooling. However, there 
are some specific part shapes like thin, slightly curved shell-type structures (skull 
bones, turbine blades, etc.) where the application of FDM is poorly suited and may 
result in lack of strength, stair-step effect (poor surface finish which is caused by the 
stair-steps) from sloped surfaces or large number of layers. The reason behind such 
low part quality is the discontinuous nature of the filaments in building up the part by 
FDM. 
 
It is quite widely known that FDM ABS parts are approximately 70% of the UTS that 
can be achieved using injection molding due to the gaps that will inevitably occur in 
parts. Strength of FDM parts suffers from anisotropy (Lee, 2007) and adhesive 
strength between layers is much less than the strength of continuous filaments 
(longitudinal strength). On comparison of the longitudinal strength with the adhesive 
strength, it was observed that the former was substantially higher than the latter 
(Zhong et al, 2001). Hence, discontinuity of filaments on the part produced by FDM 
would tend to reduce its strength. Apart from this, the stair-step effect is pronounced in 
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the sample of Fig. 2.2a. In order to achieve better surface finish, finer nozzles and 
thinner layer thickness would be required which would result in build time increasing. 
However, proper choice of orientation of the part may eliminate some of the above-
mentioned drawbacks. For example, in the case of a typical curved thin part under 
consideration (Fig. 2.2), curved layers would achieve better surface finish. And the 
curved layers could avoid the delamination which might happen to planar layers when 
the loads are parallel to the layer direction.  
 
In FDM, 3-axis CNC is sufficient for the deposition of filaments in a flat layer. In 
Curved-FDM, the ideal choice would be a 5-axis CNC machine, such that the extruder 
axis would always coincide with the normal to the layer at the point of deposition (Fig. 
4.1). However, a 3-axis machine would also be sufficient when the curvature of this 
surface is large enough which results in slightly curved shape or can be called as shell 
shape. In our preliminary experiment, the 3-axis Sony RobokidTM was used to make 
shell-shape parts.  
 
As mentioned in the third chapter, the Curved-FDM system is controlled by the 
software which is named RPBOD. The software is programmed by Microsoft VC++. 
However, the Sony Robokids are not directly controlled by RPBOD. The RPBOD is 
the interface of the system and works like a translator. Users use RPBOD to tell the 
robot what movements need to be done. Then RPBOD translates the orders generated 
by the users to the robot language LUNA which is the only language the robot 
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RPBOD was not specifically developed for building shell parts. It was originally 
developed to make parts flat-layer by flat-layer (x- and y-axes with contouring control 
 
 
b. prototyping of parts by curved-FDM using a using 5-axis control 
n 
















Figure 4.1 Schematic diagram of respectively fabricating curved-FDM parts by using 
3- & 5-axis control 
 
and z-axis with Point-to-point control). That means that movement in the z-axis can 
not be achieved in the form of linear interpolation control which is necessary for 
making smooth curved surface. Initially, we wished to build a curved line in the x-z 
plane, with the resulting curved-line is shown in Fig. 4.2. The surface has a lot of 
straight line segments which would result in poor bonding between subsequent layers. 
Of course we can convert x-z plane to x-y plane and make the shell part in the x-y 
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plane if we only want to build a simple shell part. However, our aim is developing a 
new process which can deposit layers for load bearing applications, not only making a 
shell part. In order to develop the new process, a suitable new software is needed. We 
had to start it by learning how to make a circular arc in x-z plane.  
 
Figure 4.2 a curved filament which is deposited in x-z plane 
 
Since the limitation of RPBOD is the obstacle that prevents making smooth arc, we 
chose to generate the nozzle path by using a modified interface for direct control using 
LUNA. The result proved that the robot could achieve 3D circular arc interpolation for 
deposition of curved layers instead of point-to-point control. Contouring control is 
retained along x- and y-axes to permit flat-layered FDM with contour-fill if required. 
So far, by using LUNA, we can make a single circular arc and a single curved layer 
which is filled by multi- filaments (Fig. 4.3). For this application a support structure 
was placed below the part to prevent collapsing during the build. This support could be 
using 2D layer based FDM, but in this case a foam piece was shaped to the curved 
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form. A special two layers part is made which only has one filament in each layer and 
the deposition  
  
a. top view of support and part                         b. front view of support 
Figure 4.3 fabricating curved FDM parts with support 
 
 
Figure 4.4 sample with two layers 
 
directions of the filaments are perpendicular to each other (Fig. 4.4). This shows the 
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Software programming is the key towards completing this stage of the project. These 
sample parts form a preliminary study that demonstrates the capability of this process 
for fabricating 3D shell structures. A user interface for building more complex 




Chapter 5 Future Works 
 
 
As mentioned in the first chapter, the flat plane layered fabrication approach limits the 
use and benefits of fiber-reinforced composites. A fiber-reinforced composite 
component generally requires a directional approach to design, with fibers running 
along the load direction or normal to the impact direction. Even if fibers could be 
introduced into an RP process, the direction may not relate to the required loads. In our 
experiment, we introduced short wood fiber reinforced PP to the FDM process. 
Samples for tensile and compressive testing were fabricated. The coupling agent 
(MAPP) was added to improve the adhesion between wood fiber and PP. Fracture 
surfaces of the composites were investigated by scanning electron microscopy (SEM).  
 
Let us return to the initial purpose of the project. The final aim of the project is making 
curved shape FDM parts. If the whole curved-FDM system could be successfully 
developed at the end of the day, we would make FDM parts with higher mechanical 
strength. Nowadays, when a functional part is being designed, Finite element analysis 
(FEA) can be used to simulate the actual working environment of the part. Although 
the results of FEA might not be 100% correct, the possible fracture behavior of the part 
could be predicted. Some fracture may easily happen when the layers are planar, like 
in conventional RP; the curved layers could be used to make the micro structure of the 
part more suitable to endure the required loads. Before, the road path was limited in 2D. 
By using Curved-FDM system, the road path would be expanded to 3D. An FDM part 
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is constructed by use of the layers. Each layer is filled by filaments. The micro 
structure of each filament could affect the mechanical property of the whole FDM part. 
The experiment which was described in the third chapter is used to see how the fibers 
in filaments affect the mechanical property of FDM parts.  
 
From the results of the experiments described in previous chapters, we can see the 
compressive modulus was increased by introducing short wood fibers in PP. This 
means the composite would become stiffer than pure PP and can be used when the 
FDM parts require high stiffness and shock resistance, such as handphone shells whose 
shapes are usually linearly curved, but with constant thickness.  
However, the result of tension did not show any improvement by adopting the use of 
fibers. So far, the reasons which caused the reduction we found were the air bubbles in 
the material and the glomeration of the fibers. These are because the basic structure of 
the raw material is not under our control. Based on published data from the sources 
that we have obtained, the positive result of tensile testing can be expected if using the 
raw material which has better quality.  For further experiment, the raw material has to 
be remixed to become more dense (less air inside) and have more even distribution. If 
we can do this, compared to the results we already have, we will know how the fiber 
distribution affects the mechanical property of FDM parts. If the positive result of 
tensile tests can be obtained, that will mean the mechanical property improvement is 
fully proven. Additional work can then be dedicated towards optimization. In the flow 
chart of the experiment (Fig. 5.1), fiber extraction and fiber length scanning can be 
used to identify the critical fiber length which has the best reinforcement effect in the 
composite. Another consideration which will be interesting is changing the fibers. If 
we can make our own composite instead of buying from outside, this would give us 
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more reliable raw materials and allow us to see what benefits might arise from 
different fiber choices.    
 















Figure 5.1 the flow chart of sample production and testing 
 
At present, from aerospace to consumer electronics and from automobiles to 
appliances, companies around the world use FDM systems to accelerate the design, 
development, and market introduction of new products. Nowadays FDM is being used 
more and more to make the final products themselves in the form of rapid 
manufacturing. The composite feedstock and curved-FDM process which could 
generate conformally curved shell parts make it easier to improve the mechanical 
properties of the final part. New commercial aircraft designs use a sharply increasing 
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number of composite parts, driven by a need to improve structural properties whilst 
sawing weight  
 
This chapter has demonstrated that the composite materials studied in earlier segments 





Chapter 6 Conclusion 
 
 
A novel rapid prototyping technology incorporating a curved layer building style is 
being developed. The new process, based on fused deposition modeling (FDM), is 
being developed for improving the mechanical properties of layer manufactured 
structures. Short wood fiber reinforced PP composite was used to improve the 
mechanical properties of the FDM parts. A machine was built that uses a small vertical 
extruder instead of using the normal roller-pulling FDM system for efficient 
fabrication of FDM parts. A detailed description was made of the material properties 
and hardware for this new process. The new curved layer FDM process was expected 
to allow short-fibre composites to maintain their fibre orientation distribution in the 
plane of curvature to achieve optimum mechanical performance. Extensive 
experimentation was done to find out the effect of adding fiber in the matrix material.  
From the experiment results, we can see the result of compressive testing is positive, 
whilst the samples did not perform well in the tensile testing.  The compressive 
strength was reported at 1% deformation 
 
The material which contains 20%WF, 3%MAPP, 77%PP (by weight) showed the 
highest compressive modulus of 318 MPa. The compressive modulus of pure PP was 
only 142 MPa. The compressive modulus increased when the material adopted more 
fibers. Furthermore, the addition of MAPP as coupling agent improved the composite 
performance by enhancing the adhesion between wood fibers and PP. 
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The effect of wood fibers on the tensile strength was poor because the air gap in the 
filament and the phenomenon of fiber glomeration. Because of the inside holes and 
uneven fiber dispersion, the fibers did not work as reinforcement, but more like fillers. 
Compare to the performance of injected parts (which is more dense than the FDM 
parts, but the fiber glomeration and uneven fiber dispersion exists in the injected parts) 
on the tensile testing, our home-made system has to be modified to have the capacity 
of making more dense parts and good quality of raw material is required as well.  
Before, we expected the orientation of fiber should be along the filament depositing 
direction. However, the fiber orientation was not the same as the melt flow, it tends to 
be more random. Maybe this is because the wood fiber is soft and easily twisted during 
the extrusion process. In order to solve this, less flexible material such as glass fiber 
can be considered. 
 
Based on the experiments described in this thesis, the short fiber has the potential to 
improve the mechanical property of FDM part if the above mentioned problem can be 
solved (actually it would be quite easy to solve if we make the raw material by 
ourselves). Since the advantage of short fiber reinforced composite in the injection 
molding process has been reported by a lot of other researchers, the only thing we need 
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Appendix: Engineering Drawings of the Extruder 
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